ABSTRACT Horizontal transmission of insect viruses is a key factor in their cycling in agroecosystems. Here we study the transmission of the baculovirus HaSNPV among larvae of Helicoverpa armigera (Hü bner) in cotton. Transmission of three HaSNPV genotypes was studied from larvae infected with a single virus genotype and from larvae infected with two different genotypes. Genotypes included a wild-type virus, an ecdysteroid UDP-glucosyltransferase (egt) deletion mutant (HaSNPV-LM2) with slightly enhanced speed of kill, and an egt-negative genotype that expresses a neurotoxin gene derived from the scorpion Androctonus australis Hector (HaSNPV-4A). The latter genotype has a substantially increased speed of kill. In three Þeld experiments, the wild-type and egt deletion virus variants and a mixture of the two had similar rates of transmission. Transmission increased with density of infector insects and decreased with time lapsed since the inoculation of the infector larvae. Transmission of the neurotoxin expressing virus was lower than that of the other two genotypes in a glasshouse experiment. The studied genotypes of HaSNPV have signiÞcant differences in time to kill and virus yield, but we found no signiÞcant differences in rates of virus transmission at the crop level in the case of the egt deletion variant HaSNPV-LM2. Transmission of the transgenic virus genotype HaSNPV-4A was signiÞcantly reduced. Overall, differences in transmission between virus genotypes were subtler, and more difÞcult to detect with statistical signiÞcance, than effects of other factors, such as density of infectors and time delay between release of infectors and recipient caterpillars on the plant.
Pathogens play an important role in the population dynamics of herbivorous insects, and they sometimes cause a dramatic reduction in pest populations (Doane 1970 , Begon et al. 1996 . Baculoviruses have been used worldwide against many insect pests, mainly Lepidoptera (Moscardi 1999) . On death of an insect host infected with a baculovirus, the integument disintegrates, occlusion bodies (OBs) that contain the infectious virions are released, and when they are consumed by a susceptible host, they can initiate a new virus infection (Miller et al. 1983 ). This horizontal, i.e., "within generation" transmission of baculoviruses is complemented by several modes of vertical transmission, i.e., transmission between generations.
Horizontal transmission of baculoviruses depends primarily on the contact rate between susceptible hosts and infectious pathogens and on the susceptibility of the host (Reeson et al. 2000 , Hails et al. 2002 . Infection with a baculovirus can alter the behavior of the host, resulting in a modiÞed contact rate (Vasconcelos et al. 1996) . Host plant architecture further affects the contact rate between infectious and uninfected larvae.
According to the literature, the relationship between baculovirus transmission and host density is not a matter of simple "mass action," indicating that rate of disease transmission is not directly proportional to the product of healthy larvae and the density of virus or infectors (DÕAmico et al. 1996) . More is known about transmission of single viruses than about transmission of mixtures of viruses with different biological traits. Transmission from mixtures may be affected by the behavioral effects of both viruses that are expressed in the same insect host and do not necessarily have to be additive or average of the effect of single viruses. Multiple infections of a host by different genotypes of the same microparasite are common in nature (BenAmi et al. 2008) .
OBs on plant foliage and on the soil are rapidly inactivated by exposure to sunlight (David and Gardiner 1966 , Jaques 1969 , Roome and Daoust, 1976 . Sun et al. (2004a) reported that a recombinant HaSNPV (Ϫegt; AaIT) variant has a similar inactivation rate on cotton tissue as the wild-type virus. Because inactivation of baculoviruses on foliage is very fast, within days, synchronization between "infectors" and "recipients" is potentially an important determinant of the transmission. EfÞcient virus transmission can be expected if recipients encounter baculovirus deposited by infectors on the host plant before the virus is inactivated by solar radiation. However, Zhou et al. (2005) showed that baculovirus transmission was not affected signiÞcantly by the different time of the release of the recipient larvae on the cotton plant.
Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae) is an economically important pest in a broad range of agricultural and industrial crops including Þber crops and vegetables (Zalucki et al. 1986 , Fitt 1989 . Different common names are used for this insect, including cotton bollworm, corn earworm, and tobacco budworm. The H. armigera nucleopolyhedrovirus (HaSNPV) is one of the most common pathogens attacking Þeld populations of H. armigera and is a potentially important bioinsecticide (Zhang 1989) .
The questions that are addressed in this study are as follows. (1) How is transmission affected by genetic traits of the virus that affect time to death and virus yield, and how is transmission affected when the infector larvae undergo a mixed infection? (2) How does the density of infectors inßuence transmission? (3) How is transmission affected by the time that has elapsed between inoculation of infector larvae and release of the recipient larvae?
Materials and Methods
Insects. Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae) insects used in experiment 1 were maintained at the China Cotton Research Institute (CCRI), Anyang, China. To prevent cannibalism, larvae were reared individually on cotton leaves in glass tubes in a controlled environment (27ЊC, 70% RH, and 14:10 L:D). The insects used in experiments 2 and 3 were obtained from Wuhan Kernel Bio-Pesticide, Hubei, China. H. armigera used in experiment 4 (2007) were from a colony maintained at the Laboratory of Virology, Wageningen University, Wageningen, The Netherlands, and originating from the Department of Entomology, Public University of Navarra, Pamplona, Spain. The colony was reared continuously on artiÞ-cial diet (Green et al. 1976 ) at 25ЊC, 70% RH, and a 16:8-h L:D photoperiod.
Viral Inoculum. Wild-type HaSNPV (HaSNPVwt) was initially isolated from diseased H. armigera collected in Hubei province in China. Genotype HaSNPV-G4, the wild-type virus used in this study, was isolated by in vivo cloning (Sun et al. 1998 ). HaSNPV-LM2 was generated after co-infection of HaSNPV-CXW2 DNA (Ϫegt; ϩGFP) and plasmid pHaLM2 in HaAM1 cells (Chen et al. 2000) . HaSNPV-4A is a genetically modiÞed variant (Ϫegt, ϩAaIT) of HaSNPV-LM2 showing enhanced speed of action through the deletion of the egt gene and expression of an insect-selective scorpion toxin (AaIT) (Sun et al. 2004a ). Viruses were propagated in fourth-instar H. armigera larvae. OBs were isolated by grinding cadavers in a mortar. The resulting homogenate was Þltrated through two layers of muslin, and the OBs in the eluate were separated from insect material using centrifugation at 11,000g for 60 min on a 30Ð60% continuous sucrose gradient. Concentration of OBs of the viral stock solutions was determined for three independent counts using an Improved Neubauer chamber (Hawsksley, Lancing, United Kingdom) and phasecontrast microscopy (ϫ400, CM E phase contrast microscope; Leica Vernon Hills, IL). Virus stocks were stored at 4ЊC until use.
Overall Experimental Approach. The laboratoryreared H. armigera larvae were inoculated individually with the various HaSNPV strains or with HaSNPV genotype mixtures and were released as infectors on cotton plants in Þeld cages (experiments 1Ð3) or single plant enclosures in the greenhouse (experiment 4).
Subsequently, recipient larvae were exposed to the same plants, and the proportion of these recipients contracting virus infection was scored. Factors studied were (1) virus treatment (all experiments); (2) infector density (experiments 2 and 4); and (3) temporal coincidence between infectors and recipient larvae (experiment 1). Quantitative polymerase chain reaction (qPCR) was used to measure HaSNPV genotype ratios in a sample of virus-killed recipient larvae in experiment 4. Details are given below.
Experiment 1: Anyang, China, 2005. Experiment 1 was conducted at CCRI, Anyang, in 2005. Treatments were: (1) control (uninfected infectors); (2) infectors inoculated with HaSNPV-wt; (3) infectors inoculated with HaSNPV-LM2 (Ϫegt); (4) infectors inoculated with a 1:1 mixture of HaSNPV-wt and HaSNPV-LM2 (mix-in); and (5) mixture of infectors inoculated with either HaSNPV-wt or HaSNPV-LM2 (mix-pl). In treatment 5, equal numbers of larvae with either genotype were released on the same plant. The two different mixed infected treatments (4 and 5) were designed to measure at which level the competition takes place: at insect level (mix in) or at the crop level (mix pl). Cotton (variety Zhongmiansuo #35) was sown on 23 April 2005. To prevent larvae from escaping and exclude predators and rain, treatments were applied in 2 by 2 by 2-m metal-framed cages with Þne mesh nylon netting on the sides and plastic sheeting on top. The cages were buried up to 10 cm into the soil. Forty-Þve cages were used in the experiment: 5 treatments ϫ 3 release times of recipient larvae ϫ 3 repetitions. At the time of the experiment, the cotton plants had ßowers and bolls. Second-instar H. armigera larvae were used as infectors. They were inoculated in the laboratory with a dose of 10,000 OBs/larva, enough to reach 100% mortality, using the cotton leaf disc method. After 2 d, six HaSNPV-treated larvae were released onto each cotton plant and allowed to disperse and die. The infectors were not recovered. At 3, 5, and 7 d after release of the infectors (i.e., 5, 7, and 9 d after the infector larvae had been inoculated), six third-instar healthy H. armigera larvae were released onto each cotton plant. The recipient larvae were recovered after 1 d, placed individually in wells of 24-well tissue culture plates with artiÞcial diet, and reared at 27ЊC. The larvae were monitored daily until death or pupation.
Experiment 2: Ezhou, China, 2006. Experiment 2 was conducted in a cotton Þeld near Ezhou, Hubei Province, China, from June to August 2006. Ezhou lies close to the Yangtze River, 750 km south of Anyang, and has a warmer climate than Anyang. The physical setup was the same as in experiment 1. There were four treatments: (1) were 2 mo old and in the vegetative stage. There were two factors: virus treatment and density of infectors. The experiment was laid out as a randomized block design, with location in the glasshouse as blocks. There were Þve blocks, and each plant constitutes one experimental unit. Virus treatments were: (1) control (uninfected infectors); (2) infectors inoculated with HaSNPV-wt; (3) infectors inoculated with HaSNPV-LM2 (Ϫegt); (4) infectors inoculated with HaSNPV-4A (Ϫegt, ϩAaIT); (5) infectors inoculated with a 1:1 mixture of HaSNPV-wt and HaSNPV-LM2; and (6) infectors inoculated with a 1:1 mixture of HaSNPV-wt and HaSNPV-4A. Two densities of infectors were used: 1 or 10 per plant. On 10 October 2007, fourthinstar larvae were inoculated with 200,000 OBs/larva, using droplet feeding. This dose is approximately a 5ϫ LD 99 for fourth-instar larvae of H. armigera (Sun et al. 2004b) , ensuring 100% infection and near certainty that larvae challenged with mixed inoculum develop a mixed virus infection (Zwart et al. 2009 ). Four days later, on 14 October 2007, these larvae were released onto cotton plants in the glasshouse. The cotton plants were enclosed individually in nylon mesh nets to prevent larvae from escaping and to avoid cross-contamination of viruses. Seven days later, on 21 October 2007, 10 third-instar healthy larvae were released onto each of the 60 plants. These recipient larvae were recovered at 48 h after their release and placed individually into 24-well tissue culture plates containing artiÞcial diet. They were reared at 26ЊC and 70% RH until death or pupation. Cadavers were kept individually in Eppendorf tubes at Ϫ20ЊC until analysis.
Isolation of DNA and qPCR. A sensitive qPCR analysis was used to quantify the ratio of each baculovirus present in the DNA isolated from the cadaver of each single larva of recipients for the mix infection treatment for the glasshouse experiment. qPCR was performed using a RotorGene 2000 real-time thermal cycler (Corbett Research, Leipzig, Germany). For each cycle, target nucleic acids were ampliÞed and monitored by a ßuorescence assay. Primers used for the ampliÞcation of viral genomic DNA for the qPCR assays were designed to target unique genes, i.e., the egt gene for HaSNPV-wt and the AaIT gene sequence that is speciÞc for HaSNPV-LM2. The sequence of the speciÞc egt primers were as follows: forward primer, 5Ј-GAAGAACTCGGAATCGGACGCAAC-3Ј, and reverse primer, 5Ј-CTGTGTAGCGACTCTTGTTGTT-GACGG-3Ј. A 100-bp product was produced. This 100-bp fragment derived from the egt gene was cloned into the pGMT-easy plasmid (Promega, Madison, WI) according to the manufacturerÕs instructions (Sambrook et al. 1989) . Plasmid DNA was puriÞed from the transformed bacteria using a midi prep kit (Geomed, Tuttlingen, Germany), and the DNA concentration was measured by UV spectrophotometry. The DNA was subjected to PCR and automated sequence analysis to conÞrm the expected egt sequence. This plasmid was used to set up standard curves in the qPCR, which were used to calculate the amount of viral DNA in OBs from cadavers using known copy numbers from the plasmid to make standard curves. A 100-bp coding sequence for AaIT was targeted by using the forward primer 5Ј-ATGTCGTCAACAGTAATGTGGGTGT-CAAC-3Ј and reverse primer 5Ј-TTGTTGCAGTAGT-TAGACAGCAGGCATTC-3Ј. The same procedure was used for the AaIT sequence, where a fragment was cloned into pGMT-easy and checked by PCR and DNA sequencing. The DNA was quantiÞed with a Nanodrop (Nanodrop Technologies, Wilmington, DE), and the number of plasmid copies was calculated based on DNA concentration.
OB DNA samples from individual larvae were analyzed in triplicate with both sets of primers, with sterile water as a negative control. For calibration, 10-fold dilutions of plasmids containing the cloned gene of interest were made to produce concentrations of 10 , and 10 4 plasmid copies per microliter. A master mix for PCR was prepared with Qiagen Quantitect SYBR Green Master Mix (Qiagen, Crawley, United Kingdom), to which the primers (10 M each) and sterile water were added. Each PCR tube was Þlled with 20 l of reaction mixture and a 5-l aliquot of the isolated DNA sample at a 1:100 dilution. qPCR was performed with the following cycling program: 95ЊC for 15 min followed by 40 cycles of 15 s at 94ЊC, 30 s at 58ЊC, and 30 s at 72ЊC. The products were examined by melting curve analysis, followed by an increase in temperature from 58 to 99ЊC and continuous ßuorescence recording. The crossing points (CPs) and slope values for each treatment were used for the calculation of genotype ratios. The CP is deÞned as the point at which ßuorescence rises appreciably above background. Results are expressed as the ratio of the two ampliÞed genes. QuantiÞcation analysis of the PCR ampliÞcation and melting curves were performed using LightCycler software (Rotor-Gene 6.0; Corbett Research, Leipzig, Germany). After plotting and analyzing of the melting curve from the PCR product generated from egt and AaIT primers, the results conÞrmed that the signal was caused by the ampliÞcation of the desired product and not a random one. The total amount of the plasmid copies number per microliter was calculated by direct comparison with a standard curve. The calculation of ratios between copy numbers of wild-type and recombinant viruses (HaSNPV-LM2 or HaSNPV-4A) was done following the procedure by Zwart et al. (2008) .
Statistical Analysis. Virus transmission in the four experiments (experiments 1Ð 4) was analyzed with Genstat procedure restricted maximum likelihood (REML). REML is similar to an ordinary regression; however, in REML, the model is Þtted using maximum likelihood instead of least squares. SigniÞcance was evaluated by comparing calculated deviance ratios to F-distributions (P ϭ 0.05) (Payne et al. 2008 ). In the case of a signiÞcant effect of virus species, density or time after infection, a t-test was used to compare means in SPSS (SPSS 2003) . The nonparametric Mann-Whitney test was used to compare genotype ratios obtained by qPCR on OBs of mixed infected cadavers (recipient). This test was performed separately for the two different mixtures wild-type: HaSNPV-LM2 and wild type: HaSNPV-4A in SPSS (SPSS 2003) .
Results
Experiment 1: Anyang, China, 2005. In this experiment, we studied transmission of wild-type (HaSNPVwt) and recombinant HaSNPV (HaSNPV-LM2) and a mixture of these viruses at three times after inoculation of the infectors. Thus, the experimental results give insight in the timing of the availability of infectious virus. Transmission from L2 infectors to L3 recipients diminished as the infectors were released later onto the plants (Fig. 1) . Average mortality (across virus treatments) of recipients was 52.9% with release of infectors at 3 days postinfection (dpi), 41.4% with release at 5 dpi, and 28.5% with release at 7 dpi. The differences between times were signiÞcant (Wald/df ϭ 10.01; P Ͻ 0.001; Table 1 ), but differences between virus treatments were not signiÞcant ( Fig. 1 ; Wald/df ϭ 1.2; P Ͼ 0.05; Table 1 recipients was 15.6% at a density of two L2 infectors per plant and 29.8% at a density of six infectors per plant (Table 1) , and this difference was signiÞcant (Wald/df ϭ 5.59; P ϭ 0.028; Fig. 2 ). There were no signiÞcant differences between virus treatments (Wald/df ϭ 0.31 P Ͼ 0.05; Table 1 ).
Experiment 3: Ezhou, China, 2006. Experiment 3 was carried out at the Ezhou Þeld site, 30 m away from experiment 2 to prevent cross-contamination. In this experiment, the virus treatments of experiment 2 were repeated, now using only the higher infector density of six larvae per plant and a double number of replicates (10) to increase the power of the experiment to identify virus treatment effects. Mortality was very similar among treatments (mean Ϯ SE): 20.7 Ϯ 2.8% for HaSNPV-wt, 18.7 Ϯ 4.6% for HaSNPV-LM2, 18.4 Ϯ 3.3% for the infectors carrying HaSNPV-wt or HaSNPV-LM2 as a virus mixture (mix-in), and 25.4 Ϯ 8.4% for the mixture of infectors carrying either HaSNPV-wt or HaSNPV-LM2 (mix-pl). Mortality was of the same order of magnitude as in experiment 2, and no signiÞcant differences between virus treatments were identiÞed (Wald/df ϭ 0.68; P Ͼ 0.05; Table 1 ).
Experiment 4: Wageningen (Glasshouse), The Netherlands, 2007. In this experiment, L4 infectors were used to enhance transmission compared with experiments 1Ð3 in which L2 larvae were used as infectors. A toxin-expressing recombinant, HaSNPV-4A, was included to obtain potential for greater differences in response between virus treatments. As in experiment 2, density of infectors signiÞcantly affected transmission (Wald/df ϭ 9.7; P ϭ 0.005; Table  1) , with an average (over virus treatments) of 73% mortality with 10 infectors per plant and 33% mortality with a single infector per plant (Fig. 3) . There was no overall signiÞcant virus treatment effect in analysis (Wald/df ϭ 1.04; P ϭ 0.41; Table 1) . A pairwise contrast analysis testing of the means in IRREML showed that HaSNPV-4A treatment gave a signiÞcantly lower transmission rate than the HaSNPV-wt and mixture of HaSNPV-wt ϩ HaSNPV-4A virus treatments at the higher density of infectors, but there was no signiÞ-cant difference at the lower density.
qPCR. qPCR was used to measure the relative success of the competing genotypes within the individual host in mixed infected recipients insects with wildtype: HaSNPV-LM2 and wild-type: HaSNPV-4A at a high density of infectors from the glasshouse transmission experiment (experiment 4).
The number of copies of recognized sequence for HaSNPV-wt (ϩegt) was also compared with that of the AaIT sequence for the recombinant viruses HaSNPV-LM2 (where the AaIT gene is present but not producing an active toxin; Fig. 4 , samples 1Ð 6), and HaSNPV-4A (where the AaIT gene is not only present but also active; Fig. 4, samples 7Ð11 ). Individual cadavers were tested from each treatment. Multiple infections were detected in the majority of insects, which had received an inoculum containing a mix of genotypes. The mean of the log transformed data shifted toward HaSNPV-wt, although the starting ratio for infection was an equal mixture of genotypes (data not shown), where the Þrst mixture set consists of HaSNPV-wt : HaSNPV-LM2 (Fig. 4, samples 1Ð 6 ; Mann-Whitney test, Z ϭ Ϫ2.739, signiÞcance [twotailed] ϭ 0.006) and the second sample set of Fig. 2 . Percentages of third-instar H. armigera larvae contracting virus when exposed for 1 d on cotton plants infested with virus-challenged H. armigera L2 larvae (experiment 2). Virus treatments were (1) control; (2) HaSNPV-wt; (3) HaSNPV-LM2; (4) infectors were challenged with a 1:1 mixture of the two virus genotypes (mix in); and (5) 50% of infectors with HaSNPV-wt and 50% of infectors with HaSNPV-LM2 (mix pl). White bars pertain to low density of infectors (2/plant) and black bars to a high density of infectors (six per plant).
HaSNPV-wt : HaSNPV-4A (Fig. 4, samples 7Ð11 ; Mann-Whitney test, Z ϭ Ϫ2.205; signiÞcance [twotailed] ϭ 0.032). The results from the analysis on the DNA isolated from single larvae initially infected with both viruses in equal ratio showed that the HaSNPV-wt was more prevalent after one passage compared with the recombinant viruses HaSNPV-LM2 and HaSNPV-4A. These Þndings indicate that the recombinant viruses have lower Þtness within the insect than the wild-type virus.
Discussion
There was no statistically signiÞcant difference in horizontal transmission of a wild-type or egt-negative genotype of HaSNPV at the crop level in these studies, but the transmission of the virus variant HaSNPVAaIT, expressing the AaIT toxin, was signiÞcantly reduced compared with that of the other two variants at one of the tested densities of infector larvae. Transmission increased with density of infectors and decreased with later release of the recipient larvae, indicating that the contact rate peaks at an early time after inoculation of the infectors.
Recombinant HaSNPV-LM2 is characterized by the absence of a functional egt gene (Chen et al. 2000) . H. armigera larvae that are infected with this virus have a shorter survival time than larvae, which are infected with the wild-type virus HaSNPV-wt (OÕReilly and Miller 1991, Sun et al. 2004b) . As a result, such insects cover a shorter distance on the host plant and presumably they leave less of a virus trace on the plant as a result of lower virus yield. Furthermore, virus yield is decreased Georgievska et al. 2010 ). An effect of these modiÞcations on virus transmission was plausible but did not materialize in our Þeld experiments. Recombinant HaSNPV-4A is characterized by the absence of a functional egt gene and (6) infectors were challenged with a 1:1 mixture of the HaSNPV-wt and HaSNPV-4A. White bars pertain to low density of infectors (1/plant) and black bars to a high density of infectors (10/plant). SEM is indicated. . Co-infection of larvae with wild-type and HaSNPV-LM2 (Ϫegt) (samples 1Ð6, black bars) and wild-type and HaSNPV-4A (samples 7Ð11, gray bars). Genotype ratios in mixtures obtained by qPCR for fourth-instar H. armigera larvae obtained by infecting with a 1:1 ratio of polyhedra mixture of both viruses. Log ratios Ͼ4 in absolute value indicate that the larvae were singly infected. Error bars are the SE of the log ratios. Values Ͼ1 indicate that the copy number of egt (wild-type) exceeds that of AaIT (signaling recombinant virus), HaSNPV-LM2 or HaSNPV-4A, respectively. the presence of a functional gene coding for an insect speciÞc toxin (AaIT). Such a modiÞcation of baculoviruses in general results in a shortened survival of the larvae in a reduced OB yield (Cory et al. 1994; Burden et al. 2000; Harrison and Bonning 2000; HernandezCrespo et al. 2001; Sun et al. 2005 Sun et al. , 2009 ) and often results in them falling off the plant, thereby diminishing the chance of virus transmission in the short term. These modiÞcations are expected to result in reduced transmission compared with the wild-type baculovirus (Hoover et al. 1995 , Hails et al. 2002 . Indeed, Zhou et al. (2005) observed reduced transmission of HaSNPV-4A compared with HaSNPV-wt on cotton in Þeld cages. Here, we conÞrm this effect from a glasshouse trial, but the difference in transmission between HaSNPV-wt and HaSNPV-4A was moderate, and the signiÞcance was marginal. There was a minor difference in transmission among the individual viruses under the experimental conditions and between HaSNPV-wt and the mixture of HaSNPV-wt and HaSNPV-4A. Hails et al. (2002) and Dwyer (1991) pointed out that the number of cadavers that remains on the plant has a greater inßuence on the transmission than the yield of the virus itself. Statistical analysis of our data showed that there was a signiÞcant reduction of transmission of HaSNPV-wt and mixture of HaSNPV-wt and HaSNPV-4A when a low density of the infectors was released in the glasshouse experiment.
In this study, we were in particular interested in horizontal transmission of baculoviruses from mixed infected larvae. To be able to determine the "winning" genotype in our study, we developed genotype-speciÞc primers. Results of the qPCR analysis of the cadavers that had been challenged with a virus mixture (wild-type with HaSNPV-LM2 or HaSNPV-4A) in the glasshouse experiment showed that both viruses were present in more than half of them. Although most of the larvae were positive for both genotypes of HaSNPV, there was a signiÞcant shift toward the wildtype HaSNPV genotype from the 1:1 ratio. It might be that wild-type HaSNPV has a higher Þtness compared with the genetically modiÞed HaSNPVs. Displacement of one genotype by another in a mixed baculovirus inoculation has been shown earlier (Clarke et al. 1994 , Zwart et al. 2009b ). This competitive displacement will depend on the ability of the genotypes to be more efÞcient in their resource use, which will help them to outcompete the less efÞcient genotypes (Vizoso and Ebert 2005) .
Larvae dying from a baculovirus infection on cotton plants are exposed, and they may be washed off by rain or blown away by wind (Roome and Daoust 1976) . The cotton plant has been recognized as a barrier for effective establishment and spread of baculoviruses in insect populations, because persistence of virus on the leaf surface is compromised (Streett et al. 1999) . In terms of releasing of HaSNPV-LM2 (Ϫegt) and HaSNPV-4A (Ϫegt, ϩAaIT) as a microbial insecticide in the ecosystem, our data suggest that, when these recombinants have HaSNPV-wt as a co-inoculant, the former may be outcompeted within hosts.
Long-term fate of introduced virus genotypes, after release for biological control, is a key element in ecological impact assessment (Giddings 1998, Dushoff and Dwyer 2001) . Whether there are any real risks of using transgenic baculoviruses in biological control is a question that still needs further research, but the main potential risks are detrimental impacts on nontarget hosts and the movement of the transgene into other organisms (Cory 2000) . The key question is likely to be: is the recombinant virus Þtter that the unmodiÞed parent? Fitter virus genotypes are likely to persist longer in the environment and might therefore pose a greater risk than viruses that are less Þt and are more quickly lost from the system (Godfray 1995 , Bonsall et al. 2005 . The Þtness of a recombinant baculovirus will be dependent on a number of factors, in particular, its transmission ability, environmental persistence, and pathogenicity. Understanding the transmission of virus genotypes in agro-ecosystems is therefore of particular importance for assessing the potential risks of their use in biological control. The studies reported here indicate that the transmission of less Þt virus genotypes is not diminished by much, suggesting that they might persist in ecosystems over multiple generations. A similar conclusion was reached by Zwart et al. (2010) on the basis of serial transfers of virus mixtures in the laboratory.
